
NASA 

h 
h m 
7 
n 
z c 

TECHNICAL NOTE 

PERFORMANCE OF SEVERAL 
ABLATION MATERIALS EXPOSED 
TO LOW CONVECTIVE HEATING 
RATES I N  A N  ARC-JET STREAM 

by Marvia B, Dow and WiZliam D. Brewer 

Langley Research Center 
Langley Station, Hampton, Viz. 

/ NATIONAL AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  WASHINGTON,  D. C.  J A N U A R Y  1 9 6 5  

i 



TECH LIBRARY KAFB, NM 

I111111 lllll llllI1111111111lH11 lllll Ill1 Ill1 
007973b 

PERFORMANCE O F  SEVERAL ABLATION MATERIALS EXPOSED TO 

LOW CONVECTIVE HEATING RATES IN AN ARC-JET STREAM 

By Marvin B. Dow and William D. Brewer  

Langley R e s e a r c h  Center  
Langley Station, Hampton, Va. 

N A T I O N A L  AERONAUTICS AND SPACE ADMINISTRATION 

For s o l e  by the Office of Technical Services, Department of Commerce, 
Washington, D.C. 20230 -- Price $2.00 



PEXFORMANCE OF SEVERAL ABLATION MATERLALS EXPOSED TO 

LOW CONVECTIVE HEATING RATES I N  AN ARC-JEI' STREAM 

By Marvin B. Dow and William D. Brewer 
Langley Research Center 

SUMMARY 

An investigation was made of the performance of eleven different types of 
Thirty-four ablation materials bonded to beryllium or aluminum backup plates. 

specimens fabricated as flat square sections with a nominal side dimension of 
5 inches (12.70 cm) were exposed to convective heating rates of less than 
10 Btu/(sq ft)(sec) (0.114 MW/m2) for exposure times in excess of 200 seconds 
in the 2500-kilowatt arc jet at the Langley Research Center. 
mens were tested in air and others, in a mixture of air and nitrogen. 
surface temperature response, the mass-distribution loss  of ablation materials, 
and the depth of thermal degradation are presented. 
material during testing is also discussed. 

Some of the speci- 
The back- 

The performance of each 

A comparison of measured and calculated back-surface temperature responses 
is presented for some of the ablation materials tested in the arc jet. Calcula- 
tions were made for those materials for which data concerning physical and ther- 
mal properties were available. 
mental and calculated temperature responses. 

Reasonable agreement was obtained between experi- 

Photographs of ablation materials which experienced reentry on the after- 
body of the spacecraft of the Project Mercury mission MA-8 are shown. 
parison is made of the physical appearance of identical materials tested in 
flight and in the arc jet. This comparison indicates that, despite the more 
severe oxidation in the arc-jet stream, certain materials developed the same 
type of physical defects in both the reentry and arc-jet environments. 

A com- 

IIVTRODUCTION 

The performance of several thermal-protection materials during reentry was 
investigated in a flight test conducted by the Manned Spacecraft Center. 
this flight test, several ablation materials were bonded to the beryllium shin- 
gles on the afterbody of the spacecraft of the Project Mercury mission MA-8. 
Although the heat-transfer rates encountered by the materials were not severe, 
the test did provide an actual flight environment for comparing the materials. 

For 

As a means of acquiring information on the relative performance of the 
materials to aid in interpretation of flight-test results, specimens of the same 



materials were exposed t o  convective heating i n  an electric-powered arc-jet  
f a c i l i t y  at  the Langley Research Center. 
were a l so  tes ted i n  the ground f a c i l i t y .  

Other materials, not f l i g h t  tested, 

Results obtained from the arc-jet  t e s t s  a re  presented herein i n  terms of 
material thermal response, mass-distribution loss ,  thermal degradation, and 
visual  observation of material behavior. 
appearance of the materials tes ted i n  the a rc  jet  and i n  f l i gh t .  Also presented 
a re  comparisons of measured and calculated back-surface temperatures f o r  fou r  of 
the test materials. 

A comparison i s  made of the physical 

The uni t s  f o r  the  physical quantit ies used i n  this paper a re  given both i n  
the  U.S. Customary Units and i n  the International System of Units, SI ( ref .  1). 
An appendix i s  included t o  explain the relationship between these systems of 
units. 

ARC-JXT SPECIMENS AND TEST APPARATUS 

The t e s t  specimens consisted of an ablation material bonded t o  a metal 
backup plate .  Completed t e s t  specimens were furnished by seven different  sup- 
p l i e r s .  The specimen fabrication techniques fo r  each ablation material were 
developed by i t s  supplier. It w a s  specified that the mass dis t r ibut ion of the 
thermal-protection system, including the ablation material, the bond material, 
and the moisture-proof protective coating, i f  required, be approximately 
0.5 lb/sq f t  (2.44 kg/m2). 

General information concerning the arc- je t  specimens i s  summarized i n  
table  I, which includes the trade name of the ablation materials, the  name of  
the firm which supplied each ablation material, and the  number of specimens 
furnished f o r  arc- je t  testing. Hereafter, the  materials a re  ident i f ied by the 
l e t t e r s  appearing with the trade names i n  tab le  I. 

Arc-Jet Specimens 

The arc-jet  specimens were f la t  and square, with a nominal side dimension 
of 5 inches (12.70 cm). 
plates ,  0.10 inch (0.25 cm) thick, except those made with materials F and G. 
(See table  I.) 
backup plates  which were 0.156 inch (0.396 cm) thick. 
except the four made from material H, were fabricated with only one t e s t  mate- 
r ia l  per specimen. The ablation material applied to  one-half of each specimen 
of material H contained a fiber-glass mesh reinforcement; t h i s  material w a s  cast  
and adhesively bonded t o  the beryllium backup plate.  
applied t o  the other half of the p la te  w a s  spray applied and adhered from self-  
bonding. 
same. The bond l i n e  between the two materials was oriented pa ra l l e l  t o  the 
direction of the stream flow. 

The ablation materials were bonded t o  beryllium backup 

These specimens were fabricated with 6 0 6 ~ ~ 6  aluminum-alloy 
A l l  arc- je t  specimens, 

The ablation material 

The test-material  thickness on both halves of the specimen was the 
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Arc-jet specimens of each ty-pe of ablation material are shown prior to 
testing in the photographs of figure 1. A photograph of a specimen of mate- 
rial J prior to testing is unavailable, but its appearance is identical to the 
specimens of material I. 

A detailed summary of the mass distributions of the ablation materials is 
shown in table I1 fo r  each arc-jet specimen. The values shown are based on the 
nominal density and the thickness data furnished by the supplier. 

Five chromel-alumel thermocouples were attached to the uncoated side of the 
metal backup plate for measuring its temperature response. The location of these 
thermocouples is shown in figure 2. The three thermocouples near one edge of the 
specimen were used to monitor the temperature of the metal backup plate in the 
region of the most severe heating. The temperatures indicated by the two ther- 
mocouples located near the center of the backup plate were considered the prime 
data. The thermocouple arrangement shown in figure 2 was used for all arc-jet 
specimens, except the specimens of material H. For these specimens one prime- 
data thermocouple was placed on the center line parallel to the interface of 
each of the two test materials. Thermocouple outputs were recorded on an 
oscillograph. 

Test Apparatus 

Arc-jet facility.- The test specimens, which were 5 inches (12.70 cm) 
square, were exposed to the high-temperature gas stream produced by the 
2500-kilowatt arc jet at the Langley Research Center. 
a subsonic gas stream at atmospheric pressure with a static temperature of about 
6,800~ F (4033O K) and an enthalpy of approximately 3,000 Btu/lb (6.96 MJ/kg) at 
the exit of the nozzle. Construction details and operation of the facility are 
described in reference 2. 

This facility produces 

Specimen mounting and test --- fixture.- Hat-shaped steel clips were welded to 
the metal backup plates in the position shown in figure 2 to provide a means of 
attaching the specimens to the test fixture. The instrumented specimens were 
fastened by means of screws to sheet-steel holders. An assembly of the specimen 
in the holder is shown in figure 3 .  The specimens were mounted in the holders 
so that the bond line between the ablation material and the metal backup plate 
was at the elevation of the flanges of the holder. Only the ablation material 
protruded out of the holder. The space between the edges of the metal backup 
plate and the holder was completely filled with silicone rubber. 
of the metal backup plate was insulated with fibrous insulation, and the steel 
attachment clips were insulated from the holder by a sheet of asbestos. 
fore, the only metal-to-metal contact was that resulting from the four screws 
which connected the attachment clips and the holder. 

The back face 

There- 

A water-cooled test fixture was used to position the test specimens in the 
arc-jet stream and is shown, in the photograph of figure 4, with a specimen 
installed. The test fixture was constructed of copper and consisted of a cylin- 
drical leading edge with a radius of 2 inches (5.08 cm) and a 9.5O half-angle 
wedge-shaped afterbody. The outer surface and edges of the ablation materials 
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were exposed t o  the a rc- je t  stream i n  the same manner as were the  f l i g h t  speci- 
mens bonded t o  the afterbody shingles of the MA-8 spacecraft. 

TEST CONDITIONS AND PROCEWRE 

Test Conditions 

An estimate of the convective heating ra tes  t o  be encountered by the  f l i gh t  
specimens on the  afterbody of the MA-8 spacecraft during reentry was obtained 
from temperatures measured on the uncoated beryllium afterbody shingles of the 
MA-5 spacecraft during reentry. The calculated "cold-wall" heating ra tes  corre- 
sponding t o  the temperatures measured on the  MA-5 spacecraft are  shown plotted 
against reentry time i n  figure 5. Inasmuch as  l imitations of the arc- je t  f ac i l -  
i t y  precluded exact duplication of the MA-5 heat pulse, two constant levels  of 
heating r a t e  were used i n  the arc- je t  t e s t s ,  as  shown i n  figure 5. The time of 
exposure a t  each heating r a t e  was adjusted t o  give the same t o t a l  heat input as  
the fl ight-reentry heat pulse. The arc- je t  simulation of reentry heating shown 
i n  figure 5 w i l l  hereinafter be referred t o  as the  simulated pulse. 

The arc- je t  heating ra tes  shown i n  figure 5 represent repeated measurements 
of the heating r a t e  at the center of a metal calorimeter, 5 inches (12.70 cm) 
square, which was substi tuted fo r  the t e s t  specimen. In  order t o  obtain heat- 
t ransfer  ra tes  of the l eve l  required fo r  simulation, it was necessary to  use an 
arc- je t  nozzle 12 inches (30.48 cm) i n  diameter and t o  posit ion the center of 
the t e s t  specimens 22 inches (55.88 cm) above the nozzle exi t .  The combination 
of the large-diameter nozzle and the distance between the nozzle ex i t  and the 
t e s t  specimen caused the arc-jet  stream t o  be somewhat unsteady i n  the t e s t  
region. 
of the heating rate .  The arc-jet  heating-rate curves i n  figure 5 are  drawn as 
bands i n  order t o  r e f l ec t  the degree of uncertainty i n  the measured values. 
change i n  leve l  of the heating r a t e  shown i n  figure 5 was obtained by changing 
the mass flow of gas through the nozzle. 

T h i s  unsteadiness i n  turn caused some var iat ion i n  the measured values 

The 

The available equipment did not permit a determination of the  enthalpy of 
the  t e s t  stream 22 inches (55.88 cm) above the nozzle exi t .  The measured value 
of the test-stream enthalpy near the nozzle ex i t  w a s  3,000 Btu/lb (6.96 MJ/kg). 
Diffusion into the  stream by unheated surrounding air  and some loss of energy 
i n  the gas stream due t o  radiation produced a marked decrease i n  the stream 
enthalpy a t  the posit ion of the t e s t  specimen. The enthalpy of the stream a t  
the position of the t e s t  specimen was estimated t o  be 1,000 Btu/lb (2.32 MJ/kg). 

Test Procedures 

In  general, two types of t e s t s  were performed on each ablation material. 
I n  one type of t e s t ,  the material w a s  exposed only t o  the simulated heat pulse 
shown i n  figure 5. In the  other type of t e s t ,  the high-level portion of the 
heat pulse was continued u n t i l  a temperature of 600° F (589' K) was measured by 
the prime-data thermocouples. A photograph of a typical  specimen during tes t ing  
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i s  shown i n  figure 6. 
and the t e s t  apparatus. 

Also shown a re  pertinent de ta i l s  of the arc- je t  f a c i l i t y  

Nitrogen w a s  used i n  place of a i r  i n  the arc- je t  stream fo r  t e s t s  of several 
specimens t o  determine the e f fec ts  of oxidation on some of the ablation materials. 
Previous t e s t s  ( ref .  3) have indicated that oxidation can have a considerable 
effect  on the performance of certain ablation materials i n  the arc- je t  f a c i l i t y  
used i n  the present investigation. 

Samples of gas were obtained from the nitrogen arc-jet  stream 22 inches 
(55.88 cm) above the nozzle exit .  
amount of air  which had mixed with the nitrogen stream. 
tha t  the t e s t  stream contained approximately E t o  16 percent oxygen which had 
diffused into the stream from the surrounding a i r .  

These samples were analyzed t o  determine the 
The analysis indicated 

A t  the completion of the tes t ing,  the specimens were weighed t o  determine 
the weight loss of the ablation material, and the specimens were sectioned t o  
determine the depth of thermal degradation i n  the t e s t  material a t  the center 
of the specimen. 
time required t o  reach t h i s  temperature, measured Trom the s t a r t  of the t e s t ,  
were determined from the temperature records of the prime-data thermocouples 
fo r  those specimens exposed t o  the simulated pulse. 

The maximum temperature of the m e t a l  backup p la te  and the 

RESULTS AND DISCUSSION 

The resu l t s  of a l l  arc- je t  t e s t s  are  summarized i n  table  111. Included i n  
table  I11 are  the specimen exposure t i m e s ,  the  temperature of the metal backup 
p la te  a t  specific times during the t e s t ,  the  uni t  weight loss of the ablation 
material, and the  depth of thermal degradation i n  the ablation material. 

The low- and high-level heating ra tes  shown i n  tab le  I11 refer  t o  the 
heating rates  of the simulated pulse shown i n  figure 5. Exposure t o  high-level 
heating i n  excess of 55 seconds indicates t ha t  the t e s t  was continued u n t i l  the  
metal backup p la te  reached 600° F ( 5 8 9 O  K ) .  I n  most cases the simulated pulse 
consisted of 160 seconds of low-level heating followed by 55 seconds of high- 
leve l  heating; the exception t o  t h i s  i n  the case of a few specimens was due t o  
changes i n  the arc- je t  heating ra te  which required an adjustment i n  exposure 
time. The effect  on backup p la te  temperatures of such variation i n  the simu- 
la ted  pulse was small. The temperature of the metal backup p la t e  a t  the end of 
the  simulated pulse is  e i ther  the temperature a t  the termination of heating o r  
the temperature a t  a time corresponding t o  the end of the  simulated pulse f o r  
those specimens f o r  which the high-level heating w a s  continued u n t i l  the  metal 
backup p la t e  reached 600° F (589O K ) .  
materials the temperature of the metal backup p la te  reached 600° F o r  more from 
the simulated pulse alone. The maximum temperature and the time t o  reach maxi- 
mum temperature give an indication of the amount of heat stored i n  the t e s t  mate- 
r i a l  and the t i m e  required f o r  this heat t o  penetrate the self-insulation pro- 
vided by the ablation material. 

It should be noted tha t  f o r  some ablation 
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Care must be exercised i n  estimating the performance, based on t e s t  results 
i n  ground f a c i l i t i e s ,  of ablation materials i n  f l i g h t  applications. Ablation 
materials tes ted  i n  air  a t  enthalpies considerably lower than the predicted 
f l i g h t  enthalpy are  subjected t o  disproportionately severe oxidation. An unpub- 
l ished analysis indicates that simulation of char performance i n  low-enthalpy 
arc  j e t s  requires t e s t ing  a t  greatly reduced oxygen concentrations. For the  
present t e s t s ,  a reduction i n  the  oxygen concentration of the  t e s t  stream t o  a 
leve l  acceptable f o r  adequate simulation was not possible. This impossibility 
w a s  because the specimen w a s  located a t  a point i n  the  arc-jet  t e s t  stream where 
considerable mixing with ambient air  occurred. Even when 100-percent nitrogen 
was supplied t o  the a rc  jet, the oxygen concentration a t  the t e s t  posit ion of 
the specimens w a s  from about I 2  t o  16 percent. This concentration was  substan- 
t ia l ly  higher than the  3 percent or l ess ,  by weight, required f o r  good simula- 
t i on  of char performance. 

The ablation materials on the  arc- je t  specimens were not subjected t o  the  
noise and vibration of launching, the near-vacuum conditions of o rb i t a l  f l i gh t ,  
o r  the high-velocity stream flow. However, f o r  the  reason s ta ted i n  the pre- 
ceding paragraph, oxidation during the arc- je t  t e s t s  of these materials w a s  
much more severe than would be anticipated during reentry on the afterbody of 
the MA-8 spacecraft. 
of those materials which a re  par t icular ly  susceptible t o  oxidation. 

This severity of oxidation would penalize the performance 

Temperature Histories Obtained From Arc-Jet Tests 

The temperature h is tor ies  of the specimens tes ted  i n  the arc- je t  f a c i l i t y  
a re  shown i n  figure 7. The temperatures shown on these curves are  an average 
of the measurements from the two prime-data thermocouples located near the  
center of each specimen. I n  most cases, these temperatures show good agreement 
between specimens of the  same ablation material. T h i s  agreement indicates uni- 
form material properties and sat isfactory duplication of t e s t  conditions. The 
tmrperature h is tor ies  of the specimens tes ted i n  a mixture of nitrogen and a i r  
indicate to  some extent the effect  of oxidation on these par t icular  materials. 
The obvious exception t o  good agreement between temperature his tor ies  obtained 
during different t e s t s  of similar materials can be seen i n  figure 7(g). In  this 
instance, there i s  a considerable difference i n  the  measured temperatures on two 
specimens tes ted  i n  the  same gas stream f o r  the same length of time. This dif-  
ference i n  temperatures i s  discussed i n  the following section. 

Ablation-Material Performance During Testing 

and Physical Appearance After Testing 

Visual observations during tes t ing  and motion-picture records indicated 
that the various ablation materials exhibited marked differences i n  performance 
during exposure t o  arc- je t  heating. Also, the physical appearance of the vari-  
ous ablation materials a t  the  completion of tes t ing  differed widely. 
graphs of figure 8 show a specimen of each ablation material a f t e r  exposure t o  
the simulated pulse. 

The photo- 
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Phenolic nylon.- Combustion, producing v is ib le  flames, occurred on the  sur- 
face of the phenolic nylon during exposure t o  the  low-level heating. The char 
layer which formed developed a pat tern of large-grained cracks resembling "mud 
flat" cracks over the en t i re  surface. The edge of the ablation material which 
w a s  closest  t o  the  arc-jet  nozzle experienced the most severe heating and was 
beveled by oxidation. Oxidation of the material occurred at an increased r a t e  
during high-level heating, with the width of the cracks i n  the char gradually 
becoming wider because of localized combustion i n  the cracks. 
separation of material occurred during testing. 
also tes ted i n  an arc- je t  stream of reduced oxygen concentration. The same 
crack pat tern formed i n  the  char but oxidation w a s  l e s s  severe, as evidenced by 
narrow cracks and absence of edge beveling. 

No b l i s te r ing  o r  
The phenolic-nylon material was 

Figure 8(a) shows the  phenolic-nylon material a f t e r  a simulated pulse i n  
air. The crack pattern,  which i s  probably due t o  shrinkage of the char, i s  evi- 
dent i n  the photograph. 
with no v is ib le  dis tor t ion or  separation; however, the char was f r i ab le  and 
could be rubbed off with moderate pressure. 
and 33-percent weight loss from exposure t o  the simulated pulse i n  a i r  and i n  
a stream of reduced oxygen concentration, respectively. 

The char layer adhered t o  the unpyrolized material, 

This material experienced a 46- 

Materia1A.- This material changed i n  color from a l i gh t  brown t o  a dark 
brown during exposure t o  the low-level heating. There was no v is ib le  evidence 
of combustion during t h i s  period. The high-level heating caused v is ib le  com- 
bustion on the surface with a gradual removal of material which exposed what 
appeared t o  be a matting of quartz fibers.  Some cracks and loca l  checking 
appeared on the surface during the high-level heating. 

Figure 8(b)  shows the material a f t e r  exposure t o  the simulated pulse. The 
surface of the specimen a f t e r  tes t ing  was f l a t ,  with no dis tor t ions o r  serious 
defects other than the cracks and checking noted previously. The outer surface 
of the material was hard, and considerable pressure w a s  required t o  rub charred 
material from the surface. The weight of material lost from the two specimens 
exposed t o  the simulated pulse was i n  close agreement and w a s  approximately 
30 percent. The temperature of the beryllium backup p la te  at  the end of the  
simulated pulse showed some variation among the four t e s t  specimens. This varia- 
t i on  i n  temperature may have been caused by the dis t r ibut ion of the quartz i n  the 
ablation material. 

Material B.- Approximately 10 seconds a f t e r  the beginning of exposure t o  
low-level heating, the  en t i re  surface of material B began t o  oxidize, and visi- 
b l e  flames were produced. 
a f a s t e r  r a t e  than f o r  any other material tested.  
heating increased the r a t e  of oxidation, and during t h i s  period par t ic les  of 
material were blown f r o m  the  surface by the t e s t  stream. 

The oxidation of this material appeared t o  occur a t  
Exposure t o  the  high-level 

Material B i s  shown a f t e r  tes t ing  i n  figure 8(c) .  This ablation material 
w a s  almost t o t a l l y  consumed during simulated pulse heating as evidenced by a 
material weight loss of about 9 percent. The light-colored material on the  
specimen surface which can be seen i n  figure 8(c)  i s  probably bond material, 
inasmuch as material B was completely consumed i n  this area. 
the  remainder of the specimen resembled soot i n  appearance and strength. 

The material on 
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Material C.- Combustion, producing v is ib le  flames, occurred on the  surface 
Bl i s te rs  and f i ssures  of the specimens of material  C during low-level heating. 

appeared i n  the material  near the end of the low-level heating period. When the 
heating was increased t o  the high level,  the  r a t e  of combustion increased appre- 
ciably. The f i ssures  i n  the  material widened, and localized burning occurred i n  
the region of the  f issures .  
backup p la te  i n  the region of the most severe heating, which was the edge of the  
specimen nearest . the arc- je t  nozzle. 

The ablation material  separated from the  beryllium 

Figure 8(d) shows the specimen a f t e r  exposure t o  the simulated pulse. Mate- 
r i a l  C was  seriously affected by oxidation with nearly a 50-percent material 
weight loss. 
b le  i n  figure 8(d) .  
( 5 8 9  K) before the end of the simulated pulse. 

The b l i s t e r s  and f i ssures  which appeared during tes t ing  a re  v is i -  
The .beryllium backup p la t e  reached a temperature of 6000 F 

(See tab le  111.) 

Material D.- During exposure t o  the low-level heating i n  a i r ,  material D 
gradually changed i n  color from red t o  black. 
surface oxidation. When the heating w a s  increased t o  the high level,  the sur- 
face of the material oxidized and v i s ib l e  flames were produced. 
surface gradually changed i n  color from black t o  white. 
separation, o r  loss  of material from the honeycomb during the t e s t  period. 
r i a l  D was also exposed t o  the simulated pulse i n  an arc- je t  stream of reduced 
oxygen content. 
were ident ical  t o  the t e s t  i n  a i r .  

There was no v is ib le  evidence of 

The specimen 
There was no bl is ter ing,  

Mate- 

The appearance and performance of the  material  during this t e s t  

Figure 8 (e )  shows material D a f t e r  having been tes ted i n  a i r .  The white 
surface layer which formed was extremely f r ag i l e  and easi ly  separated from the 
material beneath and would most l ike ly  have been removed by a higher velocity 
t e s t  stream. This material showed good oxidation resistance, a s  evidenced by 
the weight loss of about 11 percent. The amount of material weight loss during 
the t e s t  at  reduced oxidation concentration was not determined because of loss 
of the degraded layer before weighing could be accomplished; however, the depth 
of thermal degradation i n  the two t e s t s  was the same. 

Material E.- During exposure t o  low-level heating, material E changed i n  
color from a medium brown t o  black, with no v is ib le  evidence of combustion. The 
high-level heating caused v is ib le  combustion on the surface. There was no bl is-  
tering, separation, o r  loss of material from the honeycomb during testing. This 
material was also tes ted i n  an arc-jet  stream of nitrogen and a i r  and evidenced 
l e s s  v i s ib le  combustion during high-level heating i n  this t e s t  stream, but other- 
w i s e  it performed i n  the same manner as i n  the a i r  t e s t s .  

Material E, a f t e r  exposure t o  the simulated pulse i n  a i r ,  i s  shown i n  f ig-  
ure 8 ( f ) .  The surface of the material was rough but regular, with the honeycomb 
c e l l  walls apparently having oxidized at a slower r a t e  than the  ablation mate- 
r i a l .  The weight of material l o s t  during the simulated pulse i n  a i r  was about 
45 percent of the weight before tes t ing  and about 30 percent fo r  the corre- 
sponding t e s t  i n  nitrogen and air. 

Material F.- Uw-level heating i n  a i r  caused combustion of material F, with 
v is ib le  flames over the en t i re  surface of the  material. Cracks formed i n  the 
surface of the material, and localized combustion occurred i n  the regions of the 
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cracks. 
material. 
oped, and the material b l i s te red  and separated from the aluminum backup p la t e  
i n  the region of the most severe heating. 

High-level heating caused increased oxidation on the surface of the 
Cracks penetrating the en t i re  depth of the ablation material devel- 

Tests of the material i n  an arc- je t  stream of reduced oxygen concentration 
resulted i n  l e s s  severe oxidation, even though flames were v is ib le  during both 
low- and high-level heating. The cracking and separation of material was also 
l e s s  severe than f o r  the t e s t s  i n  a i r .  

The ablation material F i s  shown i n  figures 8(g) and 8(h) a f t e r  exposure t o  
the simulated pulse i n  air  and a t  reduced oxygen concentration, respectively. 
The cracks and separations of the  material, which are  similar i n  appearance t o  
those which occurred with material C, can be seen i n  the photographs. 
layer produced by the  t e s t s  i n  a i r  extended i n  depth t o  the aluminum plate ,  with 
no unpyrolized material remaining. The material experienced a 66-percent weight 
loss during t e s t s  i n  a i r .  

The char 

The difference i n  the  temperature h is tor ies  between specimens 1 and 2 of 
material F noted i n  the section en t i t l ed  "Temperature Histories Obtained From 
Arc-Jet Tests" i s  d i f f i c u l t  t o  explain. (See f ig .  7(g) . )  The two specimens 
were both tes ted  i n  an arc- je t  stream a t  reduced oxygen concentration fo r  iden- 
t i c a l  t e s t  periods. Since the gas supplied t o  the arc Je t  was 100-percent 
nitrogen i n  both t e s t s ,  it appears unlikely tha t  there was any s ignif icant  dif-  
ference i n  the oxygen content of the t e s t  stream. Also, there was no indication 
of thermocouple malfunction, since a l l  f ive  thermocouples on each specimen were 
i n  working order and gave comparable temperatures. 
data reduction does not explain the differences i n  the depth of thermal degra- 
dation and i n  the ablation-material weight loss between the two specimens. 
Specimen 1 of material F, which had the  lowest back-surface temperatures, expe- 
rienced a weight l o s s  of 36 percent, whereas specimen 2, which had back-surface 
temperatures tha t  agreed very closely with those of the specimens tes ted i n  a i r ,  
experienced a weight loss of 58 percent. 

An error  i n  thermocouple- 

Material G.- Specimens of material G differed from a l l  others tes ted i n  
tha t  the rectangular fiber-glass honeycomb ce l l s  had low-density insulation 
between the metal backup p la t e  and the ablation material. The ablation mate- 
r i a l  was applied i n  a th in  layer a t  the top of the ce l l s  and across the exte- 
r i o r  surface of the specimens t o  give a smooth surface. 
was exposed t o  low-level heating during a simulated pulse i n  a i r ,  a t h in  char 
layer formed a t  the surface, oxidized, and produced v is ib le  flames. The 
burning stopped a f t e r  a few seconds, and the material i n  each c e l l  appeared 
t o  expand outward with continued exposure. With the application of high-level 
heating, the th in  char layer  was rapidly oxidized and the insulation material  
i n  the honeycomb c e l l s  shrank away from the c e l l  w a l l s .  
high-level heating period, a portion of the  insulation material i n  some honey- 
comb ce l l s  blew out and beads of glassy material were seen t o  form on the outer 
edges of most honeycomb w a l l s .  
heating on the exposed edges was melting the glass i n  the  honeycomb. 
exposed t o  a simulated pulse i n  the  a rc- je t  stream of reduced oxygen concentra- 
t ion,  material G behaved as it did i n  air  during the low-level heating. 

When this material 

Near the end of the 

The formation of beads indicated tha t  high loca l  
When 

However, 
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exposure t o  the high-level heating produced no noticeable change i n  the appear- 
ance of the material. The char layer was not oxidized, nor was there any melting 
of the edges of honeycomb w a l l s .  

Figures 8 ( i )  and 8 ( j )  show material G a f t e r  exposure t o  a simulated pulse 

During 
i n  air  and a t  reduced oqygen concentration, respectively. The glass beads which 
formed on the edges of the honeycomb walls a re  v i s ib l e  i n  f igure 8( i ) .  
t e s t s  i n  a i r ,  the ablation material G was completely consumed, and the specimens 
experienced a 56-percent weight loss. 
centration experienced a weight loss of about 45 percent. 

Material G t es ted  a t  reduced oxygen con- 

Material H.- The protective coating on material H burned off quickly on 
exposure t o  low-level heating. With the protective coating gone, the interface 
i n  the center of the specimen between the different ly  applied sections of mate- 
r i a l  H was evident. The low-level heating produced no v is ib le  reactions o r  
changes i n  the material. 
continuously during low-level heating, as  shown i n  f igure 7( i ) .  
heating was increased t o  the high level,  the  surface of the specimen began t o  
burn with green-colored flames. 
sprayed-on and self-bonding material H developed an overal l  small-grain crack 
pattern; several large b l i s t e r s  which buckled the  surface of the  material also 
appeared. The section of adhesively bonded material  H covering the other half 
of the specimen developed a large-grain crack pat tern over most of the surface. 
Near the end of the high-level heating period, separation of t h i s  material from 
the beryllium backup p la t e  occurred i n  the region of maximum heating. 

The temperature of the beryllium backup p la te  rose 
When the 

The half of the specimen covered by the 

The photograph of figure 8(k) shows a specimen of material H a f t e r  exposure 
The crack patterns and b l i s te r ing  are  evident i n  t o  the simulated pulse i n  a i r .  

the  photograph. 
thermally degraded material, and the b l i s te r ing  was  probably caused by gas, 
formed during heating, which was unable t o  escape t o  the surface. Similar blis- 
t e r s  developed i n  material H i n  other t e s t s  i n  the 2500-kilowatt arc  j e t  a t  the 
Langley Research Center. (For example, see f ig .  6(h) of ref .  4.)  During expo- 
sure t o  the simulated pulse, the material experienced a 38-percent l o s s  i n  
weight. 

The surface cracking probably resulted from shrinkage of the 

The temperatures of the beryllium backup p la t e  at the center of the two 
differently applied sections of material H were i n  close agreement. 
ence i n  temperature between the two sections w a s  l e s s  than loo F (6' K) ,  except 
a t  the conclusion of the t e s t s  of specimens 3 and 4, which were tes ted f o r  
longer times than the  simulated pulse. 
clusion of the tes t ing  of these two specimens was about 30° F (17' K), with the 
highest temperature occurring under the adhesively bonded material H. 
believed that separation of the material a t  the most severely heated edge was 
responsible f o r  this divergence i n  temperatures. 

The differ-  

The temperature difference a t  the con- 

It i s  

Material I.- The surface of material I burned with v is ib le  flames upon in i -  
t i a l  exposure t o  low-level heating, but a f t e r  a few seconds the v is ib le  flames 
disappeared. 
and i n  several individual ce l l s  the material was pushed completely out of the 
ce l l .  Near the end of the low-level heating period the thermally degraded sur- 
face layer appeared t o  separate from the material  beneath and t o  produce large 

The material i n  the honeycomb c e l l s  appeared t o  s w e l l  outward, 
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bl i s te red  regions extending across several ce l l s .  When the heating was increased 
t o  the high leve l  there  was surface combustion, and v is ib le  flames were produced. 
Some of this material  was blown completely out of several of the  ce l l s ,  and there 
was localized burning around such c e l l  holes. 
separate into b l i s te red  regions i n  the  same manner as during low-level heating. 

Also, the material continued t o  

Figure 8(2) shows a specimen of material I a f t e r  a simulated pulse i n  air. 
Individual ce l l s  from which the  material blew out a re  v is ib le  i n  the photograph. 
The th in  white layer of thermally degraded material which developed during the 
t e s t s  was dis tor ted and irregular;  t h i s  layer w a s  extremely f rag i le ,  however, 
and had tes t ing  been conducted with a higher velocity a i r  stream, it i s  l ike ly  
tha t  this layer would have been removed. Beneath the th in  residue, the pyro- 
lyzed material was hard and tough, but irregular.  
weight loss of about 10 percent during exgosure t o  the simulated pulse, thus 
indicating good resistance t o  oxidation. Examination of the temperature curves 
shown i n  figure 7 shows that the back-surface temperature f o r  this material was 
higher than fo r  any other material  tes ted a t  corresponding times up to  about 
140 seconds of exposure; however, between 140 seconds and 160 seconds the  back- 
surface temperature appeared t o  be reaching an equilibrium value. When the 
heating r a t e  was increased, the back-surface temperature again increased but a t  
a slower ra te  than during the low-level heating. It i s  believed tha t  the back- 
surface temperatures of this material  were markedly influenced by the consider- 
able expansion of t h i s  material during heating. 
specimen indicated that the thickness of the material a f t e r  tes t ing  w a s  nearly 
twice tha t  before tes t ing.  This increasing thickness resulted from the expan- 
sion of the material up and out of the honeycomb ce l l s .  The expansion of mate- 
r i a l  I increased the  material  thickness and decreased i t s  density, thus giving 
it be t te r  insulation properties. Therefore, the thermal pe r fomnce  appeared 
t o  improve with longer exposure. 

Material I experienced a 

Examination of a sectioned 

Material J.- Certain modifications were made i n  the  formulations of mate- 
r i a l  I i n  an e f for t  t o  prevent the material  from blowing out of the honeycomb. 
Subsequent t e s t s  of two specimens of material J (modification of material I) 
revealed no such defects. 
exposure t o  a simulated pulse i n  a i r ,  and the absence of holes and i r regular i -  
t i e s  i s  evident. A s  with material  I, a f r ag i l e  surface layer  of thermally 
degraded material was produced which had l i t t l e  bonding t o  the hard rough pyro- 
lyzed material beneath. 

Figure 8 ( m )  shows a specimen of material  J a f t e r  

Comparison of Calculated and Ekperimental Temperature Responses 

f o r  Arc- Jet Specimens 

The equations of the numerical analysis of reference 5 have been programed 
f o r  solution by a high-speed d i g i t a l  computer. This program w a s  used t o  calcu- 
l a t e  the temperature response of the backup p la t e  f o r  some of the arc- je t  speci- 
mens during exposure t o  the simulated pulse. Calculations were made f o r  speci- 
mens of materials B, C,  H, and I. These materials were selected as being repre- 
sentative of the  various materials tested.  The temperature h is tor ies  from f ig-  
ures 7(c) ,  7(d), 7 ( i ) ,  and "(3) f o r  specimens exposed t o  the simulated pulse 
have been replotted i n  f igure 9 f o r  comparison with calculated temperature 
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responses. 
ment, particularly in view of the uncertainties in the inputs for the 
calculations. 

The calculated and experimental temperatures show reasonable agree- 

Examination of figure g(d) shows that reasonable agreement was obtained for 
calculated and experimental temperatures during the low-level heating of mate- 
rial I. During the high-level heating, the calculated temperatures are somewhat 
higher than the measured temperatures. 
previously discussed expansion of material I during heating. 
time, there is no provision in the computer program for an increase in material 
thickness during heating. 

This difference probably results from the 
At the present 

For calculation purposes, it was assumed that the materials were exposed to 
a constant-level enthalpy of 1,000 Btu/lb (2.32 MJ/kg). 
enthalpy from the 3,000 Btu/lb (6.96 MJ/kg) measured near the nozzle exit 
appeared reasonable because there was a 50- to 70-percent dilution with unheated 
air. In addition, there was some l o s s  of enera in the gas stream because of 
radiation. The heating rates and exposure times used in calculations were those 
shown in figure 3 for the arc jet. 

This reduction in 

The major uncertainties in the calculations, insofar as material properties 

The major- 
were concerned, were the specific heat of the gaseous products of pyrolysis and 
the thermal conductivity of the thermally degraded material or char. 
ity of the data available on the materials for which calculations were made was 
obtained from measurements taken at room temperature. Thus, little information 
was available concerning the material properties at high temperatures. The 
values used in initial calculations were obtained by assuming that the proper- 
ties varied in much the same manner as those of similar materials for which the 
properties are known functions of temperature. 

Another source of disagreement between experimental and calculated tempera- 
tures may have resulted from variations in the heating rate at different posi- 
tions on the test specimens. The computer program is capable of handling only 
one-dimensional heating. The material on the test specimens was not uniformly 
heated, inasmuch as the heating rates decreased with increasing distance from 
the arc-jet nozzle. Also, the metals (beryllium and aluminum) used as backup 
plates in fabricating the specimens have high values of thermal conductivity; 
therefore, the temperature at the center of the plates is influenced by non- 
uniform heating. Furthermore, it was assumed for calculation purposes that the 
metal backup plates were perfectly insulated, whereas, in fact, they did not 
have perfect insulation. 

Comparison of Arc-Jet Specimens and Flight Specimens After Reentry 

Specimens of each type of ablation material after the flight test on the 
MA-8 spacecraft are shown in figure 10. 
they appeared on the beryllium afterbody shingles after spacecraft recovery. 
comparison of the ablation materials which were flight tested and the arc-jet 
specimens in figure 8 indicates that the materials were less severely damaged in 
flight than in the arc-jet environment. 
resulted from unduly severe oxidation in the arc-jet environment. It is also 

The photographs show the materials as 
A 

This difference in damage may have 



possible that the  f l i g h t  specimens did not receive heating as  great as the  arc- 
j e t  panels because of t h e i r  posit ion on the  afterbody of t he  MA-8 spacecraft. 

A comparison of t he  physical appearance of t h e  specimens tes ted  i n  f l i g h t  
(fig.  10) and the  specimens tes ted  i n  the  arc  j e t  ( f ig .  8) shows considerable 
s imilar i ty  i n  the  appearance of most of the  materials. 
appearance i s  apparent f o r  phenolic nylon and f o r  materials A, C,  E, and H. 
There i s  some s imilar i ty  between the  appearance of t he  f l igh t - tes ted  specimen 
of material I (f ig .  1O(g)) and the  specimen tes ted  i n  the arc  j e t  ( f ig .  8 ( 2 ) ) .  
The surface of t he  f l igh t - tes ted  specimens of material I w a s  apparently dis- 
colored by deposition of i t s  ablation products on the  specimen surface or some 
other material which may have been ablation products from the  forebody heat 
shield. I n  the  region of most severe heating on the  f l i g h t  specimen, however, 
there  are several  honeycomb c e l l s  from which the  material i s  gone. T h i s  type 
of f a i lu re  w a s  a lso observed during a rc- je t  t e s t s .  The specimen of material  D 
t e s t ed  i n  f l i g h t  ( f ig .  l O ( e ) )  did not have the  w h i t e  f r i ab le  surface layer  t h a t  
formed during the  a rc- je t  tests of t h i s  material. T h i s  difference i n  appear- 
ance may have been caused by the  degraded surface layer  having been blown off 
t he  f l i g h t  specimen, or t he  reentry heating may not have been suf f ic ien t  t o  
cause thermal degradation of the material. The appearance of t he  f l igh t - tes ted  
material  B ( f ig .  1O(c)) i s  considerably different  from the  appearance of t h i s  
material a f t e r  a rc - je t  t e s t ing  (f ig .  8 ( c ) ) .  Much less of the  material  w a s  con- 
sumed during the  f l i g h t  t e s t ,  and the  black sooty surface layer  which developed 
during arc- je t  t e s t ing  i s  not present. 

The s imilar i ty  i n  

CONCLUDING REMARKS 

An investigation was made of t he  performance of eleven different  types of 
ablation materials bonded t o  beryllium o r  aluminum backup p la tes  when t e s t ed  i n  
the 2500-kilowatt a rc  je t  a t  the  Langley Research Center, and the  resu l t s  are 
compared with ident ica l  materials t e s t ed  i n  f l i g h t .  These materials differed 
substant ia l ly  i n  performance. 
arc- je t  environment and developed few o r  no serious defects; other materials 
developed one o r  a combination of several  severe defects, such as cracks, b l i s -  
t e r s ,  separations, and eject ion of material from honeycomb ce l l s .  These defects 
would, i f  they occurred i n  f l i gh t ,  make the  materials un f i t  f o r  use as thermal 
protection on reentry vehicles. It i s  concluded t h a t  t he  arc- je t  environment 
w a s  unduly severe i n  regard t o  oxidation and tha t  t h i s  adverse environment 
penalized the  performance of some of t he  tes t  materials. 

Some of t he  materials withstood exposure t o  the  

Reasonable agreement w a s  obtained between t h e  measured and calculated back- 
surface temperature responses f o r  those materials f o r  which calculations were 
made. The use of t h e  computer program f o r  investigating the  performance of heat- 
shielding materials depends upon the  ava i l ab i l i t y  of detai led physical and ther- 
m a l  properties. The f u l l  u t i l i z a t i o n  of t he  capabili ty of t he  computer program 
used i n  the  present investigation and other  s i m i l a r  programs requires t h a t  much 
greater  e f fo r t s  be made by the  developers of ablation materials t o  obtain reli-  
able physical and thermal property data. 
especially needed. 

Such data at  high temperatures are 
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The appearance of the ablation materials which were f l i g h t  tes ted on the 
afterbody of the spacecraft MA-8 of the  Project Mercury mission indicates that 
the materials were less severely damaged i n  the  f l i g h t  environment than i n  the 
arc- je t  environment. It was, however, apparent t ha t  the materials which devel- 
oped severe defects i n  the arc-jet  environment also developed the same type of 
defects during reentry. 
shielding during reentry w i l l  require that  the overal l  performance of selected 
materials be investigated. 
because the material demonstrates an a b i l i t y  t o  maintain a prescribed back- 
surface temperature, e i ther  i n  ground t e s t s  or by calculation. 

The use of thermal protection materials f o r  heat 

Reliable protection w i l l  not be assured merely 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., September 13, 1964. 

14 



APPENDIX 

CONVERSION FACTORS 

The International System of Units (SI) was adopted by the Eleventh General 
Conference on Weights and Measures, Paris, October 1960, in Resolution No. 12 
(ref. 1). 
in the following table: 

Conversion factors required for units used in this paper are presented 

Physical 
quantity 

Length 
Mass 

Heating rate 
Enthalpy 
Tempe rat ure 

distribution 

U.S. Customary 
unit 

in. 
ib/sq ft 

Btu/(sq ft)(sec) 
Btu/( lb) 
OF + 460 

Conversion 
factor 

(a) 
0.0254 
4.88 

1.135 x 104 
2.32 x 103 
5 / 9  

SI unit 

2 meters (m) 
kilograms /( meter) ( kg/m2) 

watts / (me ter 
joules/kilogram (J/kg) 
OKelvin ( O K )  

( w/m2 ) 

. -- 
%Idtiply value given in U.S. customary unit by conversion factor to 

obtain equivalent value in SI unit. 

Prefixes to indicate multiples of units are: 

milli (m) . . . . . . . . . . . . . . . . . . . . . .  10-3 

kilo (k) . . . . . . . . . . . . . . . . . . . . . .  lo3 
mega (MI . . . . . . . . . . . . . . . . . . . . . .  106 

centi (c) . . . . . . . . . . . . . . . . . . . . . .  
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TABzlE I.- SUMMARY OF SPECIMENS TESTED IN ARC ;PET 

Jherson Thermo-Lag 
Electric T-5OOb (H) 
Manufsc turing 
company 

Number 
of 

Ablation material Source 
Of Name Specific 

gravity ' specimens specimen Major constituents 
(a) 

I 

Langley 
Research 
Center 

Modification of material I 

Phenolic nylonb 47 percent powdered nylon 0.545 4 
25 percent phenolic resin 
23 percent phenolic microballoons 
5 percent silica spheres I 

0.890 2 

McDonnell 
Aircraft 
Corporation 

Inorganic subliming salts 
plus phenolic binder 

1 1.280 4 

White silicone and silica 
spheres plus additives in 
honeycombC I Oaago i 4 

&Letters in parentheses are used to identie materials elsewhere in paper. 
"Flight tested &so. 
'Hexagonal-cell fiber-glass honeycomb. 
'Rectsngular-cell fiber-glass honeycomb. 



TABLE 11.- SW4MARY OF m S E S  AND MASS DISTRIBWIONS FOR SPECIMENS TESTED I N  ARC JET 

Ablation material Total specimen Bondingater ia l  

I Mass distribution 
Identification 

Phenolic 

.541 

.04 
4.06 .06 
4.32 .06 

~ 0.46 2.25 0.10 .a ~ 2.15 .10 
.12 
-13 

'i .46 2.25 
.5 l  2.49 

2.54 0.50 2.44 0.07 - 07 2.54 .50 2.44 

w e i g h t  

Negligible 
.20 1.49 7-27 
.29 1-53 7.47 
.29 1.54 7.52 

0.49 0 1.56 7.61 

63 1.64 8.00 

.74 0 1.57 7.66 

1.54 7.52 
.59 1.58 7.71 

0. Y 0 1-57 7.66 B 1 0.962 0.10 

C 1 0.962 0.10 2.54 0.50 2.44 0.07 0.34 0 1-57 7.66 

.962 .lo - .  -- 2 

.962 .10 2.54 .50 2.44 s o 7  .Y 0 1-57 7.66 -___ 2 

0.03 0.15 0 1.44 7-03 
2 .go5 .og 2.29 .43 2.10 - 03 * 15 0 1.46 7.13 

D 1 0.874 0.09 2.29 0.41 2.00 

E 1 0.515 0.15 3.81 0.40 1.95 0.11 0.54 Negligible 1.51 7.37 
.ll .54 Negligible 1.51 7.37 , --- 2 .510 .15 3.81 .40 1.95 -~ 

F 1 2 0.146 O r  3,@ ' 0 1  2,44 (i) (1) 1 %r 12i79 

3 
4 

G 2 1 ' 0 . r  oill 2 r  0 1  21@ 0 . r  O r  I 2$ 12ij'9 

3 
4 

I 
H 1 1-18 -~ OiW 2,s O r  2.,44 0 . r  0./9 Unkjown 

lis 7i' 
I 1 0 . r  -~ oiu 2 1  o r  2.,49 0 . r  0.,9 i lip ~ ~ 7 1  

2 
3 
4 

2 
3 
4 -- 

J 1 0.890 0.11 2.79 0.51 2.49 0.07 0.34 0 1.58 1 7 1  
.890 .ll 2.79 .51 2.49 .07 .74 0 1.58 7.71 , 2 

aIncludes weight of metal backup plate but does not include unknown protective-coating weight. 
bIncludes mass distribution of bonding material ,  
'Weight included in mass distribution of ablation material. 
%tal backup plate i s  6061-6 aluminum, 0.156 inch thick. 
eCanbination of bonding material, honeycomb, end insulation. 



TABLE 111.- mc4n TEST RLFSULTS 

1 160 55 426 492 468 516 235 

Loss O f  Depth of thermal Arc-jet exposure, Thermal response of metal backup plate 
sec ablation degradation at 

0.25 1.22 0.ll 2.79 

. ._-- ~ ~ , ,  
sec sec Ib/sq ft in. m 4r 3 heating heating 

48 459 511 516 542 241 0.28 1.37 
61 468 516 .y 1.46 0.08 2.03 
120 464 513 6 5  .33 1.61 .og 2.29 T 55 424 491 464 513 245 .20 .g8 .06 1.52 

phenolic 1 
nylon 2 

az 

B 1 b145 70 588 582 615 597 231 0.46 2.25 0.10 2.54 
2 160 80 565 569 299 -49 2.39 .10 2.54 

C 1 160 55 640 6u 686 637 239 :.$ 0.09 2.29 
2 160 55 649 616 688 638 242 .& 2.03 

0.20 0.02 0.51 D 1 160 55 579 577 618 599 
2 160 55 576 576 602 590 

---- 
.02 - 51 

E 

F 

0 

H 

c 
81 
a2 
3 
4 

81 
a2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

160 55 408 482 493 529 229 
576 576 587 582 220 .q 1.78 

245 a5 .ll 2.79 
246 1.56 .ll 2.79 

-)---a 

160 ~ 55 
.23 1.12 

188 .28 1.37 
.28 ~ 1.37 

605 592 630 605 232 
560 567 5% 581 237 
713 652 750 672 ~ 231 
690 639 746 670 233 ~ 195 

529 549 

517 543 
505 536 

482 523 

465 514 
482 523 

517 543 
528 549 

260 
I I I 

1.71 

"ested in stream of nitrogen and air with oxygen concentration from about l2 t o  16 percent, by weight. 
bLow-level heating terminated too quickly because of experimental error. 
clhermal degradation indeterminate; material charred t o  insulation interface. 
'Ablation material completely consumed with only insulation remaining. 

(Original depth of material was not knOVn. )  



(a)  Phenolic nylon. 

Figure 1.- 

(b) Material A. 

Specimens before tes t ing  

L-64-8354 

i n  arc  j e t .  



( c )  M a t e r i a l  B. 

(d) Mate r ia l  c. L-64-8355 

Figure 1.- Continued. 
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(e) Material D. 

(f) Material E. L-64-8356 

Figure 1.- Continued. 



(g) Material  F. 

(i) Side view of material G. 

Figure 1.- Continued. 

(h) Material G. 

L-64-8357 
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(j) Material H. 

(k) Material I. L-64-8358 

Figure 1.- Concluded. 
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Figure 2.- Location of thermocouples and s t e e l  attachment c l ip s  on a rc- je t  t e s t  specimens. 
(Al l  dimensions a re  i n  inches.) 

Figure 3.- Assembly of a rc - je t  t e s t  specimen i n  s t e e l  holder. 
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L-62-69? 
Figure 4.- Water-cooled t e s t  f ixture  with t e s t  specimen attached. 
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Figure 5.- Arc-jet simulation and MA-5 heating rates. 
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Figure 6.- Testing of arc-jet  specimen. L-62-7174.1 
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Figure 7.- Temperature histories of specimens tested in arc- jet facility. 
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(a) Material C. 

Figure 7.- Continued. 
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(f) Material  E. 

Figure 7.- Continued. 
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(h) Material  G. 

Figure 7.- Continued. 
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Figure 7.- Continued. 
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(k) Material J. 

Figure 7.- Concluded. 
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(a) Phenolic nylon. T Stream 
direction 

(b) Material A. L-64-8359 

Arc-jet specimens after testing. 
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(c) Material B. Stream 
direction 

(d) Material C. L-64-8360 

Figure 8.- Continued. 



. 

( e )  Mate r id  D. i Stream 
direction 

(f) Material E. 

Figure 8.- Continued. 

L-64-8361 
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T Stream 
direction (g) Material F (tested i n  a i r ) .  

L-64-8362 
(h)  Material F ( tes ted  i n  a i r  and nitrogen). 

Figure 8.- Continued. 



i Stream 
direction (i) Material G (tested i n  air). 

L-64-8363 
( j )  Material G ( tes ted i n  a i r  and nitrogen). 

Figure 8.- Continued. 
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(k)  Material E. 

( 2 )  Material I. 

Figure 8.- Continued. 
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Figure 8.- Concluded. 
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Figure 9.- Comparison of measured and calculated back-surface temperatures. 
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Figure 9.- Concluded. 
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Streax d i r e c t i o n  

(a) Phenolic nylon. L-62-8458.1 

c 

(b) Material A. 

Figure 10.- Flight-test specimens after reentry. 
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(c) Wterial B. L-62-8456.1 

(d) Material C. L-62-8457.1 

Figure 10.- Continued. 
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(e) Materials D and E. ~-62-8J+52.i 
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____f 

(f) Naterial H. 

Figure 10.- Continued. 

L-62-8460. 1 
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Figure 10.- Concluded. 
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